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Meson-Hybrid Mixing in Vector (1−−) and Axial Vector (1++) Charmonium
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We study mixing between conventional and hybrid mesons in vector and axial vector charmonium
using QCD Laplace sum-rules. We compute meson-hybrid cross correlators within the operator
product expansion, taking into account condensate contributions up to and including those of
dimension-six as well as composite operator renormalization-induced diagrams. Using measured
masses of charmonium-like states as input, we probe known resonances for nonzero coupling to both
conventional and hybrid meson currents, a signal for meson-hybrid mixing.
I. INTRODUCTION
Hybrid mesons are hadrons containing a constituent
quark, antiquark, and gluon. As they are colour sin-
glets, they should be observable. Despite decades of
searching, they have yet to be conclusively identified
in experiment. Hadron mixing, the idea that observed
hadrons might be superpositions of conventional (i.e.,
quark-antiquark)mesons, hybrid mesons, tetraquarks,
etc. . . , could be hampering identification.
To explore this idea, we consider the XYZ reso-
nances, a collection of charmonium-like states many
of which are not readily interpretated as conventional
mesons. (For a review, see [1].) We focus on the vector
(i.e., JPC = 1−−) and axial vector (i.e., JPC = 1++)
channels. Known resonances in these channels are
listed in Tables I and II [2].
TABLE I: Known charmonium-like vector (i.e., JPC =
1−−) resonances.
Name Mass (GeV)
J/ψ 3.10
ψ(2S) 3.69
ψ(3770) 3.77
ψ(4040) 4.04
ψ(4160) 4.19
X(4230) 4.23
X(4260) 4.23
X(4360) 4.34
ψ(4415) 4.42
X(4660) 4.64
We test the resonances of Tables I and II for cou-
pling to a conventional meson-hybrid meson cross-
correlator using QCD Laplace sum-rules (LSRs).
QCD sum-rules are transformed dispersion relations
that relate a QCD-computed correlator to an inte-
gral over a hadronic spectral function [3, 4]. Using
measured resonance masses (and effective widths) as
TABLE II: Known charmonium-like axial vector (i.e.,
JPC = 1++) resonances.
Name Mass (GeV)
χc1(1P ) 3.51
X(3872) 3.87
X(4140) 4.15
X(4274) 4.27
input, we extract products of conventional meson and
hybrid meson couplings, i.e., mixing parameters, as
best-fit parameters between QCD and hadron physics.
Resonances with nonzero mixing parameters can be
interpreted as having both conventional meson and
hybrid meson components.
II. CORRELATORS
Consider the charmonium-like conventional meson-
hybrid meson cross-correlator,
Π(q2) =
i
D − 1
(
qµqν
q2
− gµν
)
×
∫
dDx eiq·x 〈Ω|τj(m)µ (x)j
(h)
ν (0)|Ω〉, (1)
for spacetime dimension D between conventional me-
son current
j(m)µ =
{
c¯γµc for 1
−−
c¯γµγ5c for 1
++
(2)
and hybrid meson current
j(h)ν =
{
gscγ
ργ5
λa
2
(
1
2ǫνρωηG
a
ωη
)
c for 1−−
gscγ
ρ λa
2
(
1
2ǫνρωηG
a
ωη
)
c for 1++
. (3)
In (2) and (3), c is a charm quark, Gaωη is the gluon
field strength, and ǫνρωη is the Levi-Civita symbol.
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We compute Π(Q2) using the operator product ex-
pansion (OPE) in which perturbation theory is sup-
plemented by nonperturbative corrections, each of
which is the product of a perturbatively computed
Wilson coefficient and a nonzero vacuum expectation
value, i.e., a condensate. We consider condensates of
dimension-six (i.e., 6d) or less. Wilson coefficients are
computed to leading-order in αs =
gs
4pi . The diagrams
that contribute are shown in Fig. 1. Calculational de-
tails and correlator results can be found in [5, 6].
FIG. 1: The diagrams calculated for Π(Q2) from (1). The
diagram in the upper left is perturbation theory. The oth-
ers are nonperturbative condensate contributions. Square
vertices represent the hybrid meson current (3). Diamond
vertices represent the conventional meson current (2). All
Feynman diagrams in this manuscript were produced with
JaxoDraw [7].
The perturbative contribution to Π(Q2) contains a
nonlocal divergence eliminated through operator mix-
ing under renormalization of the hybrid meson cur-
rent (3). The replacements,
j(h)ν → j
(h)
ν −
5g2sm
2
18π2ǫ
cγνc+
g2sm
9π2ǫ
ciDνc for 1
−−,
j(h)ν → j
(h)
ν −
5g2sm
2
18π2ǫ
cγνγ5c−
g2sm
9π2ǫ
ciγ5Dνc for 1
++,
for covariant derivative operator Dν lead to two
renormalization-induced diagrams shown in Fig. 2.
These two diagrams cancel the nonlocal divergence
and provide nontrivial contributions to the finite part
of perturbation theory. Again, calculational details
and results can be found in [5, 6].
FIG. 2: The renormalization-induced diagrams that con-
tribute to Π(Q2) from (1). Diamond vertices represent
the conventional meson current (2). Thus circle-plus ver-
tex corresponds to the covariant derivative current c¯iDνc
in the vector channel and c¯iγ5Dνc in the axial vector chan-
nel.
III. LAPLACE SUM-RULES
The function Π(Q2) satisfies a dispersion relation,
Π(Q2) =
Q6
π
∫
∞
t0
ImΠ(t)
t3(t+Q2)
dt+ · · · , (4)
for Q2 = −q2 > 0 where t0 is a hadron production
threshold. On the left-hand side, Π(Q2) is identified
with the correlator computed in Section II, denoted
ΠQCD(Q2) from here on. On the right-hand side, the
hadronic spectral function, ImΠ(t), is decomposed as
1
π
ImΠ(t) = ρhad(t) +
1
π
ImΠQCD(t)Θ(t− s0) (5)
where Θ(t−s0) is a Heaviside step function at contin-
uum threshold s0 and ρ
had(t), the resonance content,
is modelled as
ρhad(t) =
n∑
i=1
ξiδ(t−m
2
i ). (6)
where mi are resonance masses and ξi are mixing pa-
rameters. A resonance with nonzero mixing param-
eter couples to both conventional and hybrid meson
currents. Specific resonance models are defined in Ta-
bles III and IV for the vector and axial vector channels
respectively. Note that, in the vector channel, some
densely packed resonances are amalgamated as reso-
nances clusters. For these clusters, the corresponding
δ-function in (6) is replaced by a rectangular “pulse”
to account for the nonzero width Γ.
Subtracted LSRs are defined as [3, 4]
RQCD(τ, s0) =
1
τ
lim
N,Q2→∞
τ=N/Q2
(−Q2)N
Γ(N)
(
d
dQ2
)N
ΠQCD(Q2)
−
∫
∞
s0
e−tτ
1
π
ImΠQCD(t) dt (7)
where τ is the Borel parameter. Then, eqns. (4)–(7)
imply that RQCD(τ, s0) = R
had(τ ; {ξi}) where [5, 6]
Rhad(τ ; {ξi}) =
∫ s0
0
e−tτρhad(t) dt. (8)
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TABLE III: A representative collection of hadron models
analyzed in the vector sector.
Model m1 Γ1 m2 Γ2 m3 Γ3
(GeV) (GeV) (GeV) (GeV) (GeV) (GeV)
V1 3.10 0 - - - -
V2 3.10 0 3.73 0 - -
V3 3.10 0 3.73 0 4.30 0
V4 3.10 0 3.73 0 4.30 0.30
V5 3.10 0 3.73 0.05 4.30 0.30
V6 3.10 0 - - 4.30 0
V7 3.10 0 - - 4.30 0.30
TABLE IV: A representative collection of hadron models
analyzed in the axial vector sector.
Model m1 m2 m3 m4
(GeV) (GeV) (GeV) (GeV)
A1 3.51 - - -
A2 3.51 3.87 - -
A3 3.51 3.87 4.15 -
A4 3.51 3.87 4.15 4.27
IV. ANALYSIS AND RESULTS
For each of the hadron models of Tables III and IV,
we extract mixing parameters {ξi} and a continuum
threshold s0 as best-fit values between (7) and (8). To
do so, we minimize the chi-square,
χ2(s0; {ξi}) =
τmax∑
τmin
(
RQCD(τ, s0)−R
had(τ ; {ξi})
)2
,
(9)
over a (discretized) interval of acceptable τ -values
(τmin, τmax). (See [5, 6] for more detail.) Results are
given in Table V and Table VI for the vector and axial
vector models respectively. Instead of ξi, we present
ζ and ξiζ where
ζ =
n∑
i=1
|ξi| (10)
and where n is the number of resonances in the model
in question. Also, the given minimized values of (9)
have been scaled by the minimized value for the single
narrow resonance model in each channel, i.e., Model
V1 in the vector channel and Model A1 in the axial
vector channel. We plot relative residuals,
RQCD(τ, s0)−R
had(τ, {ξi})
RQCD(τ, s0)
, (11)
versus τ in Fig. 3 for a representative set of vector
models and in Fig. 4 and for a representative set of
axial vector models.
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FIG. 3: Relative residuals (11) versus Borel parameter τ
for a representative set of hadron models in the vector
channel (i.e., from Table III).
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FIG. 4: The same as Fig. 3 but for models in the axial
vector channel (i.e., from Table IV).
V. DISCUSSION
From the normalized chi-squares in Tables V
and VI, we see that agreement between theoretically
calculated LSRs and hadron physics is significantly
improved by including both excited resonances and
the ground state in the hadron model. Based on chi-
squares values and the relative residuals plotted in
Figs. 3 and 4, we favour Models V3–V7 in the vector
channel (all of which lead to essentially the same con-
clusions) and Model A4 in the axial vector channel.
Note that the resonance widths in Models V4, V5,
and V7 have little effect on the results. This is unsur-
prising as LSRs are generally insensitive to symmetric
resonance widths. By design, LSRs exponentially sup-
press contributions from heavy resonances relative to
lighter ones, and so it is important to check that the
heavy resonances of Models V3–V7 and A4 make nu-
merically significant contributions. As a quantitative
measure in, for example, Model V3, consider
|ξ3|
∫ τmax
τmin
e−m
2
3
τ dτ∑3
i=1 |ξi|
∫ τmax
τmin
e−m
2
i
τ dτ
, (12)
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TABLE V: Predicted mixing parameters with theoretical uncertainties and continuum thresholds for the vector hadron
models of Table III.
Model s0 (GeV
2) χ
2
χ2(V 1)
ζ (GeV6) ξ1
ζ
ξ2
ζ
ξ3
ζ
V1 12.5 1 0.51(2) 1 - -
V2 13.9 0.73 0.73(4) 0.73(3) 0.27(3) -
V3 24.1 0.038 2.9(3) 0.22(1) -0.022(5) 0.76(3)
V4 24.2 0.037 3.0(3) 0.21(1) -0.032(5) 0.76(3)
V5 24.2 0.037 3.0(3) 0.21(1) -0.032(5) 0.76(3)
V6 23.7 0.042 2.7(2) 0.23(2) - 0.77(2)
V7 23.6 0.047 2.7(2) 0.23(2) - 0.77(2)
TABLE VI: The same as Table V but for the hadron models of Table IV.
Model s0 (GeV
2) χ
2
χ2(V 1)
ζ (GeV6) ξ1
ζ
ξ2
ζ
ξ3
ζ
ξ4
ζ
A1 18.8 1 0.18(1) 1 - - -
A2 28.8 0.0095 0.83(7) 0.47(2) -0.53(2) - -
A3 18.8 0.0034 2.6(4) 0.21(2) -0.45(1) 0.34(2) -
A4 31.7 7.3× 10−6 44(6) 0.03(1) -0.16(1) 0.46(1) -0.35(1)
i.e., the ratio of the heaviest resonance’s contribution
to the LSRs to the total resonance contribution to the
sum-rules. Using values of mi and ξi from Tables III
and V respectively, this ratio evaluates to 0.43. In the
axial vector channel, an analogous ratio measuring the
relative contribution to the LSRs of m4 gives 0.25.
Employing QCD LSRs, we studied conventionl
meson-hybrid meson mixing in vector and axial vector
charmonium-like channels. Using measured masses as
inputs, we tested experimentally observed resonances
for coupling to both conventional and hybrid meson
currents, i.e., for meson-hybrid mixing. In both chan-
nels, agreement between QCD and hadron physics was
significantly improved by the inclusion of resonances
above 4 GeV. In the vector channel, we found that
conventional meson-hybrid meson mixing was well-
described by a two resonance scenario consisting of
the J/ψ and a 4.3 GeV state. These results are con-
sistent with the J/ψ being predominantly a conven-
tional meson but with a small hybrid meson compo-
nent. As for the heavier state, it has been speculated
that the Y (4260) has a significant hybrid meson com-
ponent (see [8], for example), an interpretation consis-
tent with our findings. In the axial vector channel, we
found almost no mixing in the ground state, χc1(1P ),
minimal mixing in the X(3872), and significant mix-
ing in both the X(4140) and X(4274). Ref. [9] argues
that the X(3872) has a significant conventional me-
son component while Ref. [10] argues that it has a
significant hybrid meson component. Our results are
compatible with either conclusion, but have difficulty
accommodating both.
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